the distinctive distributions of proteins within subcellular compartments both at steady state and during signaling events have essential roles in cell function. Here we describe a method for delineating the complex arrangement of proteins within subcellular structures visualized using point-localization superresolution (pl-sr) imaging. the approach, called pair correlation photoactivated localization microscopy (pc-palM), uses a pair-correlation algorithm to precisely identify single molecules in pl-sr imaging data sets, and it is used to decipher quantitative features of protein organization within subcellular compartments, including the existence of protein clusters and the size, density and number of proteins in these clusters. We provide a step-by-step protocol for pc-palM, illustrating its analysis capability for four plasma membrane proteins tagged with photoactivatable GFp (paGFp). the experimental steps for pc-palM can be carried out in 3 d and the analysis can be done in ~6-8 h. researchers need to have substantial experience in single-molecule imaging and statistical analysis to conduct the experiments and carry out this analysis.
IntroDuctIon
Superresolution imaging techniques using fluorescent probes offer the capability of unraveling the spatial organization of biological structures at nanoscopic length scales [1] [2] [3] [4] [5] . Among the techniques reaching the highest subdiffractive resolution are those using single-molecule point localization approaches, including PALM 6 , fluorescence PALM 7 , stochastic optical reconstruction microscopy (STORM) 8 , direct STORM (dSTORM) 9 , ground-state depletion microscopy followed by individual molecule return (GDSDIM) 10 , bleaching/blinking-assisted localization microscopy (BaLM) 11 and generalized single-molecule high-resolution imaging with photobleaching (gSHRiMP) 12 . These methods produce superresolution images through a pointillist strategy in which individual fluorescent molecules are localized through multiple cycles of photoactivation, photoswitching, blinking or bleaching to temporally isolate their fluorescence from other spatially proximal molecules. The process is performed thousands of times, with individual frames in the image series containing only a sparsely distributed subset of fluorescing molecules. The precise location of individual molecules in each frame is estimated by mathematical fitting 13, 14 . Subsequently, the fitted localizations of all molecules in all frames are summed into a superresolution image, which contains both nanometric structural context and molecular detail.
The PL-SR imaging techniques described above have produced spectacular images of biological structures at markedly improved spatial resolution [15] [16] [17] . Nevertheless, extracting precise information from these images regarding single-molecule locations and their complex nanoscale organization has proved to be challenging. This is because rigorous statistical analysis methods are required both to precisely identify single molecules in PL-SR images and to elucidate spatial scales of molecular organization. Without such statistical methods, it is impossible to interpret molecular distributions in PL-SR images.
Here we discuss a new approach for achieving such meticulous analysis of PL-SR image data sets. The method, termed PC-PALM, both precisely identifies single molecules in an image and allows the spatial parameters of protein organization to be quantified (i.e., size and protein packing density of higher-order biological structures). It was initially described as a technique in Nature Methods 18 . Here we provide a detailed protocol for PC-PALM, give troubleshooting tips and describe its benefits for quantifying different parameters of single-molecule spatial organization, including the presence of molecule clusters and their size, density and abundance in a particular site. The workflow for PC-PALM analysis is shown in Figure 1 . The protocol should additionally serve as a useful supplement to previously published protocols describing experimental steps for performing PL-SR microscopy 19, 20 .
Difficulties in precisely identifying single molecules in PL-SR images
A prerequisite for quantifying protein distributions in PL-SR images is the precise identification of single molecules. This capability is essential for interpreting whether proteins within a particular subcellular compartment are randomly distributed or clustered. However, precisely identifying a single molecule in PL-SR images is not easy. A single fluorescent molecule fluoresces across multiple frames before being irreversibly photobleached 18, [21] [22] [23] . Because the calculated position of the molecule in each frame varies slightly (because of differences in the number of photons collected in each frame), the single molecule usually appears as a cluster of 'peaks' (localized fluorescent spots) in the summed frames of the superresolution image. If the cluster of peaks all appear in successive frames, then it is possible to group them and assign them to a single protein. Specifically, peaks spread over a certain area with a radius equivalent to the localization uncertainty (termed group radius) should represent peaks from the same protein. By using such grouping of peaks, statistical methods such as Ripley's spatial analysis 24 have attempted to interpret characteristics of protein distributions in PL-SR images 25, 26 . The pitfall of these approaches, however, is that most photoactivatable fluorescent proteins (PA-FPs) and fluorescent dyes blink off for a variable time period before becoming fluorescent again [27] [28] [29] , making grouping inaccurate. An additional problem occurs for these analysis methods due to grouping when images are collected using rapid acquisition rates. This often results in more than one fluorescent spot in a diffraction-limited area per frame [30] [31] [32] [33] [34] [35] , requiring the researcher to either discard the data or use alternative methods to resolve the overlapping spots.
As a consequence of these problems, spatial analysis algorithm programs such as that of Ripley's (that use grouping) frequently misassign peaks because of the long and variable blinking times of fluorescent molecules. This can introduce severe artifacts in the final analyses, as spatial errors acquired using these methods at short spatial scales become integrated and propagated at longer distances. Alternative strategies to grouping, therefore, are needed to precisely identify single molecules in PL-SR images if quantitative assessment of protein organization is desired.
PC-PALM and its applications
A recently developed statistical approach that avoids the drawbacks of grouping peaks is PC-PALM. Instead of grouping peaks using peak radii or blink time intervals, PC-PALM uses a statistical algorithm that uses pair-correlation analysis to quantify the spatial organization of point patterns present in a pointillist image 18, 21 . The algorithm takes advantage of the specific spatial signature of the peaks belonging to the same fluorescent molecule to calculate the contribution of multiple appearances of this molecule relative to the spatial organization of all point patterns. In other words, it uses the unique spatial characteristics of peak clusters to quantify and remove the effect of multiple appearances, thereby avoiding the difficult (and sometimes intractable) problem of finding an optimal time window for grouping of peaks. Thus, by carrying out the entire analysis in the spatial domain, PC-PALM circumvents the problems associated with grouping peaks (carried out in both spatial and temporal dimensions).
PC-PALM is adaptable to all PL-SR imaging for quantitative analysis 21, 36 . The approach is particularly useful when individual probe molecules or proteins of interest are detected multiple times during an experiment. This often confounds quantitative analysis of data in various superresolution optical microscopy and electron microscopy experiments. As long as the multiple signals from a single molecule has a defined spatial distribution, the PC-PALM approach can be used to subtract out the contribution of the multiple appearances and provide an accurate measurement of the actual spatial organization of fluorescent proteins in a sample.
In STORM, multiple appearances of organic dyes pose an especially difficult problem for spatial analysis of protein populations, as these dyes can blink and reappear across a timescale of seconds to minutes. Conventional grouping and spatial analysis methods (i.e., Ripley's method) will often provide inaccurate measurements in high-density images obtained by STORM. However, the multiple peaks of a single organic dye have a definite spatial distribution determined by the average positional uncertainty of the STORM experiment. PC-PALM offers a robust solution for identifying individual molecules in this case, and it can be used for quantitative spatial analysis of STORM images 36 .
PC-PALM can also be implemented for analysis of gold point patterns in electron microscopy images 36, 37 . Detection of spurious clustering due to labeling of single proteins with multiple gold nanoparticles is a serious problem in immunoelectron microscopy data sets. The gold nanoparticles are normally attached to antibodies bound to proteins of interest, and they are expected to spatially sample a defined area centered on the protein. PC-PALM can be used to remove the contribution of multiple labeling for measuring the spatial clustering features in a specimen.
PC-PALM theory
The mathematical derivation for the correlation functions has been described in detail previously in separate publications 18, 36, 37 . In this derivation, the autocorrelation function, g(r), of a point pattern measures the average probability density of points at a distance 'r' around each point. Protein domains are characterized by changes in density across the domain boundary. Consequently, a pair-correlation function can be used to detect the presence of protein clusters and to characterize the spatial scales of protein organization in such clusters.
A key concept in PC-PALM is the recognition that even though a single fluorescent protein makes multiple appearances across many frames in an image acquisition series, the fluorescent peaks that arise from a single protein are spatially organized in a defined way. These peaks are scattered across a 2D Gaussian surface, which represents the point spread function (PSF; i.e., the localization uncertainty) of the imaging technique. The average localization uncertainty of the proteins can be directly estimated from the mathematical fitting of the peaks during the peak-localization process. This localization uncertainty represents the s.d. of the 2D Gaussian surface associated with the peaks from a single protein. Consequently, the magnitude of the autocorrelation function (arising from multiple appearances 
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Step 19 ps r s where σ s is the average uncertainty in single molecule localization and ρ protein is the average protein density. The autocorrelation function of the protein molecules is equal to 1 if they are distributed randomly across the image. In such a case, the computed autocorrelation function is as follows:
The autocorrelation function describing the relative distribution of proteins will have a value greater than 1 across spatial scales over which the proteins are clustered when proteins are nonrandomly distributed. An exponential function can be used to approximate the correlation function of proteins if they are present in randomly distributed clusters of no definite shape. Then, the calculated autocorrelation function is given by 18 g r r A r and A are obtained by fitting the computed autocorrelation to equation (3) . N cluster , the average occupancy of a cluster, is equal to the following:
The ratio of the density of proteins in clusters to the average density across the entire image (increased density of proteins) is given by
The PC-PALM analysis method is a powerful approach for detecting the presence of morphologically featureless clusters of protein scattered across a 2D surface. Moreover, it can be used to determine the physical characteristics of such clusters. The autocorrelation function calculates the radially averaged correlation function for all the depicted points (fluorescent spots) in the entire image. By using computational modeling, we have confirmed that this analysis can provide an accurate estimation of clustering parameters for radially symmetric or randomly shaped protein domains, which are not polarized in any specific direction. Because the PC-PALM algorithm calculates average values of protein parameters over an entire image, it is only suitable for characterizing protein domains with no preferred direction of organization. This is generally not a problem when clusters of proteins are not expected to have any preferred
direction in the way they are distributed across 2D surfaces such as the plasma membrane. However, for asymmetric clusters with elongated morphology it is a problem, as averaging decreases the degree of clustering detected in such structures. Other commonly used statistical algorithms, including Ripley's analysis, share this drawback.
Another limitation of PC-PALM analysis (and all other statistical analysis) is that it provides a description of clusters only in terms of the observed number of proteins. In most PL-SR imaging experiments, however, not all photoactivatable molecules become fluorescent during the imaging period. This can occur for a number of reasons: a fraction of the fluorescent molecules may never undergo photoactivation during an experiment; some fluorophores may undergo premature photobleaching; there may be an inadequate number of photons to fit a molecule; and a high local background signal can preclude detection and localization of a fraction of the fluorescent molecules. Thus, the number of molecules detected in a cluster during the quantitative analysis is not necessarily equal to the absolute number of proteins present in such clusters. Nevertheless, PC-PALM can still provide significant quantitative information about nanoscale changes in protein organization during various physiological processes. This is because it can provide key information regarding the size, density and protein abundance in protein clusters, even in the absence of knowing absolute number of proteins. In addition, by performing PC-PALM analysis on a reference structure containing a known number of PA-FP−tagged proteins, it is possible to estimate the fraction of PA-FP molecules that are detected, on average, during the PALM experiment. This can be used to calibrate the protein number obtained from PC-PALM analysis and to estimate the absolute number of PA-FP-tagged proteins present in a previously uncharacterized structure or protein domain. However, appropriate reference structures are not always available to implement such a calibration scheme. Common advantages and limitations of the PC-PALM approach are listed in Table 1 .
Pair cross-correlation of superresolution images
In addition to performing autocorrelation analysis to detect the clustering of a single kind of protein molecule, pair-correlation analysis can also be used to delineate the relative spatial organization of two different proteins with respect to each other. Crosscorrelation analysis of two-color superresolution images provides estimates of spatial scales of coclustering of two proteins at length scales down to the localization uncertainty of the experiments (~50-60 nm for PALM). Unlike the autocorrelation function, the cross-correlation function is not affected by multiple appearances. Instead, the cross-correlation quantifies the actual correlation between two different photoactivatable proteins, convolved with the PSFs of positional uncertainty. Thus, if the cross-correlation function is modeled by an exponential function, then the measured cross-correlation, c(r) peaks , can be fit to the following equation:
In equation (5), c(r) PSF is the cross-correlation of the PSFs of the two photoactivatable probes. It should be noted that the problem of underestimation of protein numbers can be more severe during two-color imaging, where photoactivation and imaging of one (5) (5) PA-FP can lead to simultaneous photoactivation of the PA-FP that is not being imaged. Thus, imaging conditions need to be carefully optimized to minimize the loss in protein localization for two-color superresolution experiments.
Experimental design Choice of fixative. Use a combination of formaldehyde and glutaraldehyde for proper fixation and immobilization of proteins 18, 38 .
To perform quantitative spatial analysis of PALM data sets for characterizing protein organization at spatial scales of ~50-250 nm, it is paramount to immobilize the proteins and block their lateral diffusion. At the very least, the fixation conditions should confine lateral movement of proteins during the experimental window to spatial scales considerably smaller than the spatial scales of interrogation. We found that short-term incubation with 4% (wt/vol) formaldehyde does not immobilize plasma membrane proteins effectively. The addition of 0.2% (wt/vol) glutaraldehyde, in contrast, largely immobilizes plasma membrane proteins. Glutaraldehyde quenches the PA-FPs to a certain extent, so you should not use a higher percentage of glutaraldehyde or the sampling density will be substantially decreased. In addition, prolonged exposure to the fixative can result in increased quenching of fluorescent proteins, decreasing the sampling density. After incubation with fixatives, the sample should be promptly quenched with glycine (or BSA) to minimize subsequent fluorescence quenching. Image cells within 4-5 h of fixation, as the photoactivatable proteins lose their fluorescence with time.
Choice of PA-FPs for two-color experiments. Choose PA-FPs for cross-correlation experiments carefully so that the two PA-FPs can be differentially activated and imaged with minimal cross talk between the two probes. Clear separation of the spectral profile and differential sensitivities to the activation laser will minimize incorrect assignment of probe localizations. Readout laser-induced activation of some PA-FPs such as PAGFP 39 helps minimize crossactivation-induced loss of protein localization during two-color PALM experiments. Photoactivatable mCherry1 (PAmCh) 40 has a spectrally separated emission profile from that of PAGFP and is not efficiently activated by the 488-nm laser and low-power 405-nm laser. Consequently, PAGFP and PAmCh are suitable for two-color PALM experiments 18, 40 . It is important to ensure that cells are plated at adequate density (i.e., ~50% confluent during transfection), as having cells that are either too sparse or almost confluent may affect cell physiology (i.e., adhesion, metabolism) and experimental reproducibility.
8|
Choose the magnification such that the pixel size is similar to the s.d. of the PSF, which is optimal for accurate single molecule localization. In the presence of non-negligible background fluorescence, this gives the optimal localization 13 .
9|
Choose the maximal linear EM gain on the EM-CCD camera and use frame transfer and constant baseline level options during acquisition.
10|
Choose appropriate filters and laser lines for selected PA-FPs. Some PA-FPs such as PAGFP undergo efficient activation when illuminated with the readout (i.e., excitation) laser, and single-color PALM experiments can be performed with these PA-FPs using a single laser.
11|
Choose the activation and excitation laser power and the exposure time such that enough photons per fluorophore are detected in each frame to ensure good localization (≤25 nm) and that the density of single-molecule peaks is low enough for the detection of single, isolated peaks. Use the same excitation laser power for the entire experiment so that the photophysical parameters do not change during the course of the experiment. Image the cells until all detectable proteins are recorded. For two-color experiments, design the activation and imaging protocol to ensure that the localized single molecules can be unambiguously assigned to one or the other probe. Carefully calibrate the laser intensities in each step to ensure proper optimal detection of single molecules and minimize signal loss due to cross-activation. For example, use the following protocol for a two-color experiment with PAGFP and PAmCh 18 : image PAGFP exhaustively using the activation/ readout 488-nm laser; next, use a low-power 405-nm laser in combination with a 488-nm laser to record the residual PAGFP signal; finally, use a combination of a 405-nm activation laser and a 561-nm readout laser to image PAmCh. ? troublesHootInG analysis • tIMInG variable; several hours 12| Identify single-molecule peaks in each frame and determine the positional coordinates using a least-squared fit to a 2D Gaussian PSF.
13|
Estimate the localization uncertainty (s xy 2 ) of each localized single-molecule peak using the following equation 14 : 
14|
Use the positional information of the fiducials to perform drift correction using a suitable fitting algorithm. For twocolor experiments, align the two channels by registering multiple fiducial positions from the two data sets.  crItIcal step The errors in drift correction and channel registration contribute to decreased resolution of the PALM image. Accurate drift correction and image registration are critical for accurate characterization of spatial scales of organization. Typically, the positional error contributed by drift can be reduced to a few nanometers, so that drift has a minor contribution to overall positional uncertainty.
15| Generate a histogram of the localization precision (σ xy ) of all peaks that have been localized in the experiment. Determine the average positional uncertainty (σ raw ) by fitting the distribution to a skewed Gaussian or using an appropriate function.
16|
Replace peaks that appear in successive frames and within an area of radius 2.5 × σ raw with one peak. Such peaks correspond to a single image of a molecule stretched across multiple frames, because of the interruptions due to the acquisition frame rate. Calculate positional coordinates (x m and y m ) of each resultant peak from the positional coordinates of the individual peaks of the corresponding group weighted with the corresponding number of photons in each peak as follows: The correlation function has been derived such that its stochastic part measures the correlation due to multiple appearances of a single PA-FP arising from blinking events with at least one intervening dark frame. The grouping procedure in this step substitutes peaks representing a single appearance of a PA-FP (with no detectable blinking) with a single peak. This is required to ensure that the measured correlation of peaks can be correctly described by the model correlation function. 
18|
Obtain an estimate of the mean localization of the detected single molecules (σ s ) from the distribution of sigma of the grouped peaks (σ peak ) by fitting the distribution to a skewed Gaussian or other appropriate functions. Discard the peaks with σ peak values greater than 3 × σ s .
19|
Use the position coordinates of the peaks to generate a binary PALM image where all detected peaks are represented as pixels with a value of 1, whereas the rest of the pixels have a value of 0. The pixel size of the binary image should be small enough so that spatially adjacent molecules do not overlap and that they are individually represented in the image. Thus, the pixel size should be smaller than the minimum distance between two adjacent molecules. This binary PALM image is used for the analysis of the spatial organization of protein molecules. For two-color experiments, generate two separate binary images representing the spatial distribution of the two different proteins.
20|
Perform option A for autocorrelation analysis in order to investigate the spatial organization of a particular protein (use binary images generated from single channel, i.e., one-color, superresolution data set). Perform option B in Step 20 for cross-correlation analysis to investigate the relative spatial organization (spatial interaction) of two different proteins (use binary images generated from two-color superresolution data sets). ? troublesHootInG Troubleshooting advice can be found in table 2.
(9) (9) Step 11, data acquisition: 10 min-1 h for one color; depends on the expression density and imaging conditions Steps 12-19, data analysis: several hours; depends on the number of detected peaks
Step 20A, auto-correlation analysis: several hours; depends on the number of detected peaks
Step 20B, cross-correlation analysis: 0.5-1 h antIcIpateD results PC-PALM provides a detailed description of the organization of proteins on a nanoscale level. It can give insight into clustering and oligomerization of proteins on the plasma membrane, which are especially important for understanding biological mechanisms such as signaling. Typical results are shown in Figure 2 , in which two lipid-anchored proteins (PAGFP-GPI and Lyn-PAGFP) and two transmembrane proteins (Lat-PAGFP and VSVG-PAGFP) are imaged and analyzed using pair-correlation function in expressing COS-7 cells 18 . The measured correlation functions were fit to a clustered model. The fit parameters are used to quantify the physical characteristics of the nanoscale spatial distribution of the four PAGFP-labeled proteins across the plasma membrane. PAGFP-GPI and VSVG-PAGFP are present in small clusters of uniform size ( <60 nm). These clusters are densely packed, containing three or fewer proteins. Lyn-PAGFP and Lat-PAGFP appeared to be organized into clusters with radii of variable sizes (radius between 60-180 nm). These clusters contained three or more proteins. The local densities of Lyn and Lat-PAGFP were two to four times higher than that expected for a randomly distributed protein. 
